The Duke of Burgundy butterfly (Hamearis lucina) has undergone severe declines over the last four decades. However, in recent years the UK population appears to have begun expanding again. This is likely to be due to beneficial management, although a warming regional climate may also have contributed to the resurgence of this spring-flying species. In this study, we investigated the effect of air temperature on the flight behaviour of adult male Duke of Burgundy butterflies. We also looked at the ability of adult males to behaviourally thermoregulate their body temperature and assessed their tendency to remain within small established territories. Increasing air temperature lead to a marked increase in the number and duration of flights associated with territorial behaviour but had no significant effect on other flights. This suggests that high temperatures are particularly important for sustaining energetically-demanding flights involved in territory defence and mate interception, which could impact the reproductive potential of Duke of Burgundy populations. We also found that butterflies had only a limited ability to regulate their body temperature behaviourally and may, therefore, be especially dependent on suitable environmental conditions to maintain the right temperatures for these flights. During observations, most males also remained confined to a few square meters within their territories, which could further restrict butterfly ability to thermoregulate by limiting relocation to other habitat types. However, we did find more males to leave the confines of their territories than expected from reports in previous studies. Our findings highlight the key role that warm, sheltered locations on reserves have in supporting the Duke of Burgundy. If this traditionally poor disperser is to take advantage of a warmer climate and extend its range North, a close network of such areas, appropriately managed, may be critical.
Introduction
In the UK, 76% of butterfly species have experienced longterm declines, extending back to at least the mid-1970s, and many species currently occupy only a small fraction of their historical range. However, when data from the last decade is considered alone, the outlook for butterflies in the UK does not seem so bleak (Fox et al. 2015) . From 2005 to 2014 some threatened butterfly species appear to have halted their rapid declines or to have even begun reversing them, with modest increases in distribution or abundance reported across the country (Fox et al. 2015) . Although these recent upturns are dwarfed by the long-term declines and species have a long way to go before reaching the extent of their former ranges, such positive changes may give reason for cautious optimism into the future. However, for conservationists to take advantage of these increases, it is important to understand their underlying causes. Alongside improved conservation management, a warming regional climate has been implicated as a possible contributing factor (Parmesan et al. 1999; Fox et al. 2015) .
The Duke of Burgundy butterfly (Hamearis lucina L. 1758) is one species that has undergone a recent upturn nationally. It has experienced extreme long-term decline, losing 84% of its 1974 distribution and 42% of its abundance. However, since 2005 the UK population has undergone a small range expansion and grown in abundance by 67% (Fox et al. 2015) . The species has also shifted northwards in its European range and begun to emerge earlier in the UK during the past few decades, suggesting that rising temperatures may have played a role (Parmesan et al. 1999; Oates 2000; Fartmann 2006 ). The adult life stage of the Duke of Burgundy has been little studied, with few papers investigating its ecology and habitat requirements in the UK (Turner et al. 2009; Hayes et al. 2018) . However, what evidence is available suggests that high temperatures are important for adults. Turner et al. (2009) found adults to favour warm, sheltered locations and males of the species are known to defend small, sunny territorial patches, no more than a few metres in diameter, from which they rarely move (Kirtley 1995; Bourn and Warren 1998) . Favourable sites can be returned to year on year, with many males perching within a few metres of one another. In these locations individual territories become harder to separate and leks can form (Kirtley 1995; Oates 2000) . These findings are supported by distribution data from Hayes et al. (2018) , which found adult males to be highly constrained in their small-scale range within a habitat and occupying only the most sheltered parts of the environment. Given the Duke of Burgundy's preference for a warm environment, further temperature increases of 1-4 °C, predicted in the UK by the end of the century (Intergovernmental Panel on Climate Change 2014), may continue to benefit local populations (Parmesan et al. 1999; Fox et al. 2015) . However, in order to better understand the potential long-term impacts of a changing climate on the Duke of Burgundy and to tailor effective habitat management, it is important to understand why warmer areas are selected by this butterfly. Turner et al. (2009) suggest that the butterfly's preference for warm, sheltered locations may be due to these areas promoting flight and sexual activity in sub-optimal weather conditions. This could be especially important for the Duke of Burgundy, which, as a spring-flying butterfly, is active at a relatively cool time of the year (Wickman 1985) . Ectothermic organisms rely on their environment for temperature regulation, enabling them to raise their body temperature and increase the rate of metabolic activity (Huey and Kingsolver 1989) . For small ectotherms such as insects, which have large surface area to volume ratios and negligible ability to retain heat (Stevenson 1985) , this means that activity levels are largely dependent on the temperature of their microclimate. Therefore, energetically demanding feats, such as active flight, territory defence and mating behaviour usually require high ambient temperatures (Wasserthal 1975; Larsson and Tengo 1989; Larsson and Kustvall 1990; Ide 2010; Bennett et al. 2014) . For example, Tsubaki and Samejima (2016) found male Mnais costalis damselflies to have higher reproductive outputs when occupying territories that were exposed to the sun for longer periods of time. They suggest this could be due to males being able to attain higher thoracic temperatures, allowing more regular and intense courtship behaviour. Similarly, in many butterfly species, increasing air temperature can cause a switch in male mate location strategy, from a passive perching and intercept behaviour to that of actively flying and patrolling for females (Scott 1974; Shreeve 1984; Wickman 1985; Van Dyck and Matthysen 1998; Merckx and Van Dyck 2005; Ide 2010) . Patrolling males interact with more females than perched individuals, meaning they can increase their relative mating frequency and potentially their reproductive output (Shreeve 1984) . The Duke of Burgundy has not been observed to exhibit different mate location strategies, with all males perching in a territory and intercepting passing females (Kirtley 1995; Oates 2000; Turner et al. 2009; Hayes et al. 2018) . However, by influencing activity levels and behavioural frequency, especially of energetic flights related to territory defence and intercepting females, temperature could still have a large impact on the reproductive success and fitness of individuals (Huey and Kingsolver 1989; Willmer 1991; Berwaerts and Van Dyck 2004) .
Here, we investigate the effects of air temperature, butterfly density and wind speed on the flight behaviour of adult male Duke of Burgundy butterflies. We also investigate the ability of the butterfly to buffer its thoracic temperature compared to ambient conditions, and how frequently individuals are observed to leave their territories. With this information we aim to determine: (1) whether higher air temperatures are associated with increased flight activity in male Duke of Burgundy butterflies and if this is specifically linked to an increase in energetically demanding flights, such as those involved in territory defence and courtship; (2) if males can significantly alter their body temperature away from that of their surrounding environment, or if they are instead reliant on the presence of a suitably warm microclimate (3) what percentage of males remain on their territory throughout observations and are therefore limited in their ability to buffer their short-term temperature by moving to other microhabitats.
As a result of this work, we aim to improve knowledge of the environmental features that promote active flights in the Duke of Burgundy butterfly and inform adaptable management regimes that will remain suitable under shifting climates.
Methods

Study site and Duke of Burgundy population
All fieldwork was carried out at Totternhoe Quarry, Bedfordshire, an unimproved chalk grassland reserve owned and managed by the Bedfordshire, Cambridgeshire and Northamptonshire (BCN) Wildlife Trust (BCN Wildlife Trust and Totternhoe 2017). At 13.6 hectares, the site is quite small, but it hosts a relatively large population of Duke of Burgundy butterflies for its size. For more information on the site and study population see Hayes et al. (2018) .
The Duke of Burgundy is a relatively small butterfly, with an adult wingspan of approximately 30 mm (Butterfly Conservation 2019). The species is an early flier and in the UK is on the wing from mid -April until the end of June (Oates 2000) . It is found in two main habitat types: sheltered coppiced woodland clearings and scrubby calcareous grassland (Ellis et al. 2011 ). However, a reduction in suitable woodland habitats means that the vast majority of populations in the country are now found on grassland sites (Emmet and Heath 1989; Sparks et al. 1994; Oates 2000) . Eggs are laid on plants of the genus Primula (Oates 2000) , with females usually selecting larger, partially shaded Cowslips, Primula veris, or Primroses, Primula vulgaris, for oviposition (Fartmann 2006) . For full details on the ecology and lifecycle of the Duke of Burgundy please see Turner et al. (2009) and Hayes et al. (2018) .
Recording flight activity levels of adult males Reserve was surveyed between April and June for adult Duke of Burgundy butterflies. In 2008, only areas of the site known to commonly host large numbers of male Duke of Burgundy (holding territories) were visited, whereas in 2009 and 2017, the entire reserve was searched, with the exception of areas of dense scrub. Surveys of the whole reserve involved teams of researchers systematically searching the entire site each day, walking back and forth making repeat passes, ensuring that no areas were more than 20 m from a surveyor on any visit. A recent GPS map of the reserve (please see Hayes et al. 2018 ) was used to guide surveys and ensure that all areas, even difficult to reach patches isolated by dense scrub, were searched. Other measures implemented to avoid bias included changing the starting point and direction walked across the reserve on each visit. This prevented the same areas of the site being reached at the same time each day, which would impact the local temperature levels recorded. Whenever a male Duke of Burgundy butterfly was seen, its flight activity levels were immediately recorded during a short observation period. Surveying then continued until the next male was found and the process was repeated.
In 2008, distinct types of flight behaviour exhibited by adult Duke of Burgundy were determined and individual butterflies were observed for as long as possible, in order to gauge a feasible time span for analysing Duke of Burgundy behaviour. As 33% of butterflies left the observation area within half an hour, a short observation period was decided upon, with the initial 10 min of observations in 2008 being used for analyses. In subsequent years, whenever a Duke of Burgundy butterfly was observed, its sex was noted and we then attempted to view the individual, uninterrupted for a full 10 min. Different types of flight behaviour determined were categorised as non-territorial and territorial flights. Non-territorial flights consisted of unidirectional changes in perch location, whereas territorial flights included circular territory perimeter checks (flying around the perch area for a few seconds before returning to a similar or the same location), intercept flights (chasing other flying insects entering a territory, including passing females) and escalating spiral flights (where Duke of Burgundy males spiralled into the air with each other). Over the 10 min observation period, the number and duration of all territorial and non-territorial flights (summed time between taking off and landing for each activity) were recorded. In addition, we noted whether a male flew away from its territory without pursuing a female before 10 min had expired and calculated the percentage of males undertaking this behaviour. Where possible, males were followed and their activity after leaving a territory was recorded.
Measuring temperature and other variables
Temperature during the observation periods was recorded in three different ways. Firstly, for all 3 years of study, at the end of the 10 min air temperature in the immediate vicinity of the observed individual was recorded in the shade using a sensitive temperature probe (TECPEL Digital Thermometre 305B). Secondly, in 2009 and 2017, at the start of the 10 min a dead butterfly on a stick, with its wings spread as if in a basking position, was placed in the same area as the butterfly being observed. At the end of the observation period, we recorded the dead butterfly's temperature by touching the same temperature probe onto its thorax. Initially, a dead Duke of Burgundy butterfly was used. However, this specimen became damaged during fieldwork and so a Ringlet butterfly (with similar colouring and wings cut to the size of a Duke of Burgundy) was used instead. Finally, in 2009, after observations were completed, the observed living Duke of Burgundy butterflies were caught using a butterfly net and their temperature recorded by immediately touching the probe gently onto their thorax. Butterflies were then released without delay, with no individuals showing any damage. In addition to temperature, the number of males at each location at the time of observation was recorded for all 3 years of observations. Males were determined as coming from the same location (belonging to the same territorial lek) when their circular territorial perimeter check flights overlapped. For 2017 only, wind speed was also measured at the end of the observation period, using a Proster TL017 Handheld Anemometer.
Analysis
We used R version 3.4.3, running the packages 'stats', 'boot', 'MASS', 'pscl' and 'car', for all analyses, with all data from 2008, 2009 and 2017 being included.
As each observation period recorded both territorial and non-territorial flights, comparing data on both flight types together would incorrectly assume independence (for each individual, time spent undertaking territorial flights reduces the time available to undertake non-territorial flights and vice versa). Therefore, flight types were analysed separately, unless analysing relative proportions. To investigate the effect of male density on territorial and non-territorial flights and how this interacts with temperature change, Wilcoxon Signed-Rank Tests were used to compare the mean number of territorial and non-territorial flights undertaken by solitary individuals and individuals on territories with multiple males, during the 10 min observation periods. The mean amount of time spent undertaking the two types of flight by solitary and grouped individuals was also compared. When there was evidence of a significant difference, data were fitted to negative binomial distributions and generalised linear regressions were performed to investigate changes in the number (Number of flights = Air Temperature × Grouped/Solitary males) and duration of flights (Duration of flights = Air Temperature × Grouped/Solitary males).
Having accounted for the effect of male density on male Duke of Burgundy flight behaviour, the next stage investigated the effect of air temperature in isolation. All observations where more than one male was present on a lek were excluded from this analysis, to remove this confounding factor, resulting in 29 of 95 total observations being removed. In order to account for the large number of butterflies that did not fly and gave 0 values, two logistic generalised linear regressions were used to assess whether the occurrence of territorial or non-territorial behaviour increased with temperature (Presence of flight behaviour = Air temperature). After removing observations of 0, negative binomial distributions were fitted to the remaining data set and four generalized linear regressions were performed, investigating whether the number (Number of flights = Air temperature) and duration (Duration of flights = Air temperature) of territorial and non-territorial flights changed with air temperature. Finally, two binomial generalized linear regressions were used to investigate the proportional change in territorial activity versus non-territorial activity with increasing air temperature (Proportion of territorial flights = Air temperature). For these analyses, the number of territorial flights and the time spent performing territorial flights were compared to the total number and duration of all flights performed during the 10 min observation periods. Proportions were also weighted according to the total number and duration of all flights performed during each observation period. Where data points had high leverage on models (Heiberger and Holland 2004) , they were removed and models were re-run to assess whether the same statistical outcome was reached. In all cases the same outcome was reached, so outlying high leverage points were retained and these results only are presented here.
To compare the different methods of recording temperature, a multiple regression was used to compare air temperature to that of both living butterflies from 2009 and dead butterflies observed in 2009 and 2017 (Butterfly Temperature = Air Temperature × Alive/Dead).
Results
Across the 3 years of study, 160 adult Duke of Burgundy butterflies were located for behavioural observations. 118 males and 25 females were observed, with the remaining 17 individuals flying away before they could be sexed, usually due to disturbance from an observer. Two adult pairs were observed mating for the full observation period, approximately two metres up in hawthorn scrub, Crataegus monogyna. Of the remaining 116 non-mating Duke of Burgundy males, 95 were observed for a full 10 min and were used for further analyses. Twenty-nine of these individuals contested territories with other males. Sixteen males performed no flight activities at all, whilst 63 performed at least one territorial flight and 56 performed at least one non-territorial flight. Air temperatures recorded at the end of observation periods ranged from 12.5 to 28.5 °C with a mean of 18.5 °C (SE = 0.37). Wind speed for all observations were uniformly very low, with only three recordings exceeding three metres per second, which is equivalent to a light breeze on the Beaufort Scale (Met Office 2017). As wind speed remained largely constant across all observations it was not used in further analysis.
Temperature and male density
The number of males on a lek had a significant effect on the number (Wilcoxon Signed-Rank Test, n = 95, W = 1410.5, p < 0.001) and total duration (Wilcoxon Signed-Rank Test, n = 95, W = 1417.5, p < 0.001) of territorial flights undertaken by Duke of Burgundy butterflies. The mean number of territorial flights during observation periods were 2.30 (SE = 0.43) and 4.44 (SE = 0.58), for isolated and grouped males respectively, with the mean total duration of flights being 21.6 (SE = 3.83) and 46.3 (SE = 6.89) seconds. However, there was no difference in the number of non-territorial flights (Wilcoxon Signed-Rank Test, n = 95, W = 1115.5, p = 0.161) or the amount of time spent performing nonterritorial flights (Wilcoxon Signed-Rank Test, n = 95, W = 1085.5, p = 0.260). The mean number of flights were 1.18 (SE = 0.31) and 1.14 (SE = 0.27), with mean total durations of 9.08 (SE = 2.35) and 11.7 (SE = 4.53) seconds, for isolated and grouped males respectively. Further investigation of the significant difference in territorial flight behaviour showed evidence for a significant interaction and a joint effect with air temperature on the number (Generalized negative binomial regression, n = 95, z 3,91 = 3.498, p < 0.001) and duration (Generalized negative binomial regression, n = 95, z 3,91 = 3.045, p = 0.002) of territorial flights performed by male Duke of Burgundy butterflies. At lower temperatures, the number of territorial behaviours is much higher when multiple males are present (Fig. 1) . However, for males occupying territories by themselves, an increase in air temperature resulted in a rapid rise in the frequency and duration of territorial behaviour, with males occupying territories with multiple males showing a much less marked increase (Fig. 1) .
Temperature and type of flight
The presence of territorial flights increased with air temperature (Generalized logistic regression, n = 66, z 1,64 = 3.357, p < 0.001), with 80% of individuals expected to perform at least one territorial flight above 21.5 °C. However, the occurrence of non-territorial flights was unaffected by temperature (Generalized logistic regression, n = 66, z 1,64 = 0.287, p = 0.774; Fig. 2) .
When considering just the males that showed flight behaviour, air temperature again showed different effects on each type of flight. For territorial behaviour, flight number (Generalized negative binomial regression, n = 34, z 1,32 = 2.641, p = 0.00826) and duration (Generalized negative binomial regression, n = 34, z 1,32 = 3.583, p < 0.001) increased with air temperature, while number (Generalized negative binomial regression, n = 27, z 1,25 = − 0.677, p = 0.499) and duration (Generalized negative binomial regression, n = 27, z 1,25 = − 0.215, p = 0.830) of non-territorial flights was not altered (Fig. 3) . This resulted in the proportion of territorial flights (Generalized binomial regression, n = 50, z 1,48 = 5.673, p < 0.001) and proportion of time spent undertaking territorial flights (Generalized binomial regression, n = 50, z 1,48 = 15.620, p < 0.001) increasing relative to non-territorial flights as temperatures increased (Fig. 4) . 80% of all flight behaviour was territorial above an air temperature of 19.6 °C.
Butterfly body temperature and territory occupation
There was no evidence of a significant interaction between air temperature and whether a butterfly was alive or dead on body temperature (Multiple regression n = 96, t 3,92 = − 0.757, p = 0.451), so the interaction term was removed and parallel regressions were fitted, indicating that living butterflies responded to temperature increases in the same way as dead butterflies (Fig. 5) . The body temperature of passive, dead and active, living butterflies increased significantly with ambient air temperature (Multiple regression n = 96, t 2,93 = 17.4, p < 0.001), with thoracic temperature increasing by 1.3 °C (SE = 0.07 °C), on 
Fig. 2
Presence and absence of territorial and non-territorial flight behaviour plotted against air temperature for male Duke of Burgundy butterflies. Observations with multiple males on a territory are excluded from this analysis. Degree of data point transparency relates to the number of observations at each temperature, with darker points indicating more observations. Generalized regression lines are plotted (+− one standard error) average, with every 1 °C rise in air temperature (Fig. 5) . However, living Duke of Burgundy butterflies were on average 3.0 °C (SE = 0.53 °C) warmer than dead specimens (Multiple regression n = 96, t 2,93 = − 5.6, p = < 0.001) (Fig. 5) .
Twenty-one of the 116 non-mating males flew away from their territories, without following a conspecific, before 10 min expired. The majority of these males flew further than could be followed, but one adult male from 2008 and two from 2017 were tracked to their destinations, where Degree of data point transparency relates to the number of observations at each temperature, with darker points indicating more observations. Observations with multiple males on a territory and individuals that did not fly during the observation period are excluded from this analysis. Generalized regression lines are plotted (± one standard error) they were found to be nectaring on forget-me-not (Myosotis arvensis) and hawthorn flowers (Crataegus monogyna) respectively.
Discussion
At higher air temperatures male Duke of Burgundy butterflies increased the number and duration of energetically demanding territorial flights, including those involved with mate interception, which have been suggested to impact reproductive output in other insect species (Shreeve 1984; Tsubaki and Samejima 2016) . In contrast, other flights, not associated with maintaining territories or chasing mates, were unaffected by temperature. Male body temperature was closely tied to that of the immediate environment, although living butterflies were significantly warmer than dead butterflies across ambient temperatures. This suggests that despite an ability to raise their temperatures behaviourally, Duke of Burgundy butterflies are dependent on the local microclimate for temperature regulation. Furthermore, the majority of individuals observed had very restricted movement over the observation period and were therefore tied to a single area, which could partly explain their limited ability to buffer their body temperature against changes in the ambient temperature during our observations. However, despite these restrictions, males were found to be slightly more mobile than other studies have previously suggested.
Multiple males
Air temperature is only one factor that can affect the number and duration of flight behaviours undertaken by territorial insects, with wind speed (Wickman 1988 ) and the proximity of other males (Peixoto and Benson 2009 ) also being reported as being important in other studies. The fact that wind speeds were very similar in this project means that they were not used in analyses, but this does not mean they were unimportant. Indeed, the uniformly low wind speeds recorded where males were present support the suggestion by Turner et al. (2009) that sheltered environments are preferred by adult Duke of Burgundy butterflies, to protect them from unfavourable weather, reducing the effects of wind cooling and promoting flight.
The number of males on a territory resulted in behavioural changes in this study, with higher numbers of males being associated with more territorial flights, but having little effect on non-territorial behaviour. A simple explanation for this pattern is that altering perch location in nonterritorial flights does not require the external stimulus of another butterfly. Conversely, many intercept and all spiral competition territorial flights require other male Duke of Burgundy butterflies to fly through a territory, which will happen much more commonly where more males are present. 
Temperature and flight type
Warmer environments resulted in a net increase in the number and duration of flight activities performed by the Duke of Burgundy. Globally, many examples exist for activity levels of butterflies and other flying invertebrates being highly constrained by temperature, with species such as the Inornate Ringlet butterfly, Coenonympha inornata (Heinrich 1986) and the Scarce Copper butterfly, Heodes virgaureae (Douwes 1976) , rapidly increasing the number of flights they perform as temperatures rise. However, the fact that the net increase in flight activity for the Duke of Burgundy appears to be purely the result of a rise in territorial behaviour, including mate intercept flights, is more notable. Other studies have suggested this behaviour can impact the reproductive success of individuals (Shreeve 1984; Tsubaki and Samejima 2016) with potential consequences for the total population size in an area.
Undertaking more territorial flights can increase mate acquisition rates, but taking off from perches to pursue females or engage in aerial spiral fights on a regular basis is very energetically demanding (Shreeve 1984) . Therefore, the trade-off between actively seeking mates and using up energy reserves alters with environmental temperature, as flying becomes relatively less costly when temperatures rise and energy can be replenished more quickly from the environment (Wickman 1985; Ide 2010) . Longer periods of powerful active flight, with rapid acceleration, can more easily be sustained at higher temperatures for many flying insects, including the Speckled Wood butterfly, Pararge aegeria (Berwaerts and Van Dyck 2004) , and the damselfly Mnais costalis (Samejima and Tsubaki 2010 ) making the utilisation of such behaviour for mate acquisition more efficient when it is warmer.
A similar trade-off is likely taking place with the Duke of Burgundy, but instead of entirely switching behavioural regimes, rising temperatures result in more territorial behaviour and a decrease in time spent basking. Conversely, small perch alterations are unlikely to be as energetically demanding and so can be undertaken more readily at lower temperatures (Ide 2010) , resulting in no significant change in the frequency of non-territorial flights with temperature. More generally, limited options for high activity levels in cool environments also offers an explanation as to why butterfly territoriality is more common in spring-flying species such as the Duke of Burgundy, where temperatures are relatively low, and active patrolling cannot be sustained (Wickman and Wiklund 1983) . Building on this study, further research could investigate just how important sustaining territorial activity is to maintaining reproductive populations of this species.
Behavioural thermoregulation and territory occupation
The data gathered in this study suggest that adult Duke of Burgundy butterflies maintain a higher body temperature than that of their immediate surroundings. However, compared to other species the ability of Duke of Burgundy butterflies to thermoregulate and buffer their body temperature to changes in ambient temperature appears to be relatively poor (Rutowski et al. 1994; Ide 2010; Kleckova and Klecka 2016) . Duke of Burgundy butterflies are, therefore, heavily dependent on their environment to provide warm temperatures and enable bouts of energetic territorial behaviour. Measuring air temperature seems to be a suitable way to gauge the temperature being experienced by Duke of Burgundy butterflies, as it is linearly correlated with the thoracic temperature of both dead, passive and living, active individuals. Living butterflies were significantly warmer than their dead counterparts, in part probably due to behavioural thermoregulation (Dreisig 1995) . However, we found no evidence for an interaction between the effects of air temperature and living status on the thoracic temperature of the Duke of Burgundy. This suggests that, despite being warmer, the temperature of the living butterflies rises and falls with air temperature in the same way as for dead specimens. This differs from other butterfly species such as the Small Copper, Lycaena phlaeas, and the Woodland Ringlet, Erebia medusa, which can elevate their living thoracic temperature above that of their environment when it is cool, and reduce this difference when it is warmer, often owing to behavioural thermoregulation (Ide 2010; Kleckova and Klecka 2016) . For example, the Desert Hackerby, Asterocampa leilia, can use alterations in perch position and body orientation to maintain a roughly constant body temperature as environmental temperature changes (Rutowski et al. 1994) . Furthermore, due to living butterflies undertaking energy-intensive active flight, the heat by-product of their metabolism can significantly increase their body temperature. For some species, metabolic heat has been found to raise body temperature by as much as 5 °C (Ide 2002 ) and this may account for living Duke of Burgundy butterflies being warmer than dead specimens. Therefore, although Duke of Burgundy butterflies seek out the warmest, most sheltered locations to achieve high body temperatures (Hayes et al. 2018) , once there, small scale changes in perch location and body orientation appear to have relatively little effect.
The fact that the majority of males observed remained fixed on their small territories may have further compounded this problem over the observation period, as this reduced butterfly ability to seek out and move to alternate habitats to aid thermoregulation. However, this was not the case for every individual, with 18% of males flying away from the observation area within the 10 min. Individuals that could not be followed were not thought to have dispersed far from the study site, but instead to have undergone displacement within or to the edge of a neighbouring habitat patch (Hovestadt and Nowicki 2008) , as was directly observed for three males. However, this limited movement is still more vagrant than previously described for the Duke of Burgundy (Oates 2000) . The reason for males leaving their territory is not clear, as most did so without pursuing a conspecific or other flying insect passing through their territory. It has been suggested that nectar supplies are of little importance to the Duke of Burgundy (Oates 2000) but others disagree (Kirtley 1995) . Furthermore, the three males that were successfully followed after leaving their territories in this study were all found to be nectaring. This suggests that the pursuit of nectar sources might be an important factor that has to be balanced with time spent occupying a territory. Another possibility is that shifts in territory location could occur due to local changes in temperature, wind speed or direction, as has been previously suggested (Bourn and Warren 1998) .
Taken together, the behaviour we observed suggests that the sedentary nature of Duke of Burgundy males may not be quite so extreme as previously thought (Oates 2000) . Nevertheless, they are clearly very restricted in their habitat use and the most popular locations at Totternhoe Quarry Reserve are re-used year on year (Hayes et al. 2018) , as has been found at other sites for the Duke of Burgundy (Oates 2000) . If the Duke of Burgundy is limited in its ability to behaviourally thermoregulate, as this study suggests, this could explain why the distributions of adult males recorded at Totternhoe Quarry are even more restricted than that of their larvae (Hayes et al. 2018) ; males rely on their environment for shelter and to generate a warm microclimate (Turner et al. 2009 ).
Conservation in the light of climate change
To ensure a future for the Duke of Burgundy butterfly in the UK, management directed at the adult life stage, producing warm microclimates that promote energetic flights, including behaviour that may have an impact on the reproductive output of populations (Shreeve 1984; Tsubaki and Samejima 2016) is extremely important. Highly sheltered areas, such as those already occupied by the Duke of Burgundy at Totternhoe Quarry Reserve (Hayes et al. 2018) need to be maintained and replicated where possible (Turner et al. 2009 ). This is not to say that management for the sensitive larvae of the species is unimportant. However, management aimed solely at the needs of the larvae may not adequately support the Duke of Burgundy throughout its entire lifecycle. Both stages are dependent on shelter but warm southerly slopes that promote adult activity can desiccate Primula spp. food plants, with eggs tending to be laid on other aspects (Hayes et al. 2018) . Clearance of scrub to prevent food plants being completely overshadowed is also essential but cannot be too extreme or else areas may become too exposed. Therefore, using moderate rotational scrub clearance to maintain topographically varied sites with sheltered slopes of different aspects, should benefit both life stages (Hayes et al. 2018) .
For this spring-flying species (Butterflies Under Threat Team 1986), global warming may significantly reduce the time needed to attain a body temperature sufficient to support active flight (Dennis and Shreeve 1991) . Therefore, projected rises in temperature (Intergovernmental Panel on Climate Change 2014) have the potential to benefit the Duke of Burgundy and could help it spread back to the north of the UK, to suitable habitat that has previously been too cool . However, the ability of the Duke of Burgundy to track climate change will depend upon the fragmentation and isolation of suitable habitats, the separation of which could impede the species from extending its range (Pollard 1979; Thomas et al. 2001; Warren et al. 2001) . Unfortunately, despite some evidence suggesting that in exceptional circumstances the Duke of Burgundy can travel between sites as far as 5 km apart, the species is generally considered to be a poor disperser (Bourn and Warren 1998) . Furthermore, Leon-Cortes et al. (2003) , modelling the effects of habitat isolation on the Duke of Burgundy, found that increased dispersal could lead to isolated populations declining more rapidly, as individuals may die before reaching favourable new habitats. Therefore, the ability of the Duke of Burgundy to benefit from regional warming will rely on maintaining habitat quality within a closely connected network of linked sites (Bourn and Warren 1998) .
Another potential reason for being optimistic about the future of the Duke of Burgundy in the UK is that species at the edge of their range often occupy a narrower niche and exist in more vulnerable, smaller populations than they do in core areas (Bourn and Thomas 2002) . Other heat-dependent butterfly species such as the Large Blue, Phengaris arion, have proven to be particularly hard to conserve in the cooler climates of the UK, but exist across a wider variety of habitats in the warmth of central Europe (Thomas et al. 1998) . With increasing regional temperatures, the niche of the Duke of Burgundy may broaden, reducing the specificity of the habitat that can sustain it, and enabling populations in the UK to grow. However, a shift in the realised niche of the species may also necessitate different management regimes at different locations (Anthes et al. 2008) , as it does for other butterflies (Bourn and Thomas 2002) . Furthermore, as the Duke of Burgundy is dependent on slightly humid calcareous grasslands and its main larval host plant Primula veris appears to be very sensitive to drought (Fartmann 2006) , climate change could also threaten populations by making atypical extreme weather patterns more common (Turner et al. 2009 ). To accommodate the possibility of shifting habitat preferences with changes in climate, conservation management needs to be adaptable and assessed regularly. Nature reserves with high aspect and structural variation will be important for providing habitat heterogeneity to buffer against these effects (Fartmann 2006) .
Conclusions
Adult Duke of Burgundy butterflies appear to rely heavily on warm, sheltered habitats to produce suitable temperatures that promote energetically demanding territorial flights, including those involved with mate interception. Studies on other species suggest that undertaking high numbers of these flights may be important for boosting reproductive output. Further research is needed to investigate how far this holds true for populations of the Duke of Burgundy and whether this has a net beneficial impact on population sizes, but nevertheless our findings reinforce the need to maintain suitable habitats specifically for the adult life stage of this species, in addition to areas being conserved to meet the needs of the larvae. The importance of high temperatures for the species suggests that it may be able to benefit from projected global warming. However, the ability of the Duke of Burgundy to track climate change north in the UK will depend on habitat availability and fragmentation. Work must be carried out to link up sites and produce adaptable management regimes with the butterflies' microclimate in mind. Furthermore, with observations indicating that males may be slightly more mobile at the local scale than other studies suggest, more research is needed to better understand the complex requirements of the Duke of Burgundy's adult life stage.
